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ABSTRACT
Spontaneous heating is themajor cause of unintentional coal burning in theunderground coalmine.
It is responsible for releasing a number of combustible gases. For measuring the concentration of
these gases, the role of gas sensors becomes very important to plan efficient preventive measures.
In general, the outputs of sensor produced in digital format after processing through the microcon-
troller platform. However, the sensor data need to be displayed in a standard format. Therefore, a
tool is needed to convert the digital output of the sensors to the standard format (PPM or %) in
actual environmental condition. Hence, in the present paper, mathematical expressions have been
deduced for each sensor to produce the output in a standard format for test environmental condi-
tion and the same were compared simultaneously with the handheld gas analyzer. The results were
found in agreement.
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1. INTRODUCTION
Spontaneous heating induces a temperature rise in a
material under ambient conditions, where the heating
results from some physical and/or chemical processes
occurring within the material. Spontaneous heating has
a long history as a potential problem in the coal indus-
try. It can pose a number of problems for coal producers.
Fires due to spontaneous heating in underground mines
put major safety concerns [1]. In surface mining, spon-
taneous heating in reject materials such as tailings and
spoil piles cause long-term environmental problems as
large areas may not be able to be rehabilitated due to
excessive heat and/or contamination [2]. Safety of ves-
sels may be affected due to the transportation of coal over
large distances due to spontaneous heating. Exploitation
of low-rank, low-sulfur coals also poses issues concerned
with spontaneous heating during drying, storage, and
transportation of coal [3]. As a result, spontaneous heat-
ing of coal needs to be controlled or averted. Hence,
monitoring the different stages of spontaneous heating
and its responsible factors would help to plan effective
preventive measures [4]. The scale of spontaneous heat-
ing is, in general, measured by the fire indices globally
as depicted in Table 1 [5]. It is obvious from Table 1 that
the percentage of different gases released during sponta-
neous heating is very important. Furthermore, evaluation
of the analog/digital output of various gas sensor, i.e. car-
bon dioxide (CO2), carbon monoxide (CO), hydrogen
(H2), hydrogen sulfide (H2S), methane (CH4) and higher
hydrocarbons in terms of ppm/percentage (%), is equally
important for determining the state of fire.
However, the outputs of the gas sensor, in general, pro-
duced in digital format after processing through the
microcontroller platform [6].
Therefore, in the present paper, attempts have beenmade
to deduce the mathematical expressions for each sensor
to produce the output in standard format i.e. in ppm or%
for test environmental condition and the samewere com-
pared simultaneously with the handheld gas analyzer.
2. EXPERIMENTAL SET-UP ANDMATHEMATICAL
DERIVATION
The mathematical derivation for measuring the concen-
tration of gases using the output of the gas sensor is the
process of forcing the sensor output to a given mathe-
matical tool to conform the digital input into standard
output. This is often done by adjusting the sensor inter-
nally but can equivalently and easily be done externally
by passing its output through a conversion function that
converts the actual response to the desired value [7].
Here, the focus is on the development of mathematical
function for conversion for all gas sensors mentioned in
Table 2. The type of gas sensors is analogous in nature, i.e.
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Table 1: Fire indices for spontaneous heating assessment
Graham’s
ratio = CO
O2
×
100
Young’s
ratio = CO2
O2
×
100 C/H ratio = 6(CO + CO2 + CH4 + 2C2H4 )
2(0.265N2–O2–CO2 + CH4 + C2H4 ) + H2 − CO × 100 CO/CO2 ratio State of fire
GR ≤ 0.4% YR ≤ 25% C/H ≤ 2.0% CO/CO2 ≤ 3.0% Normal value
0.4 < GR ≤ 1.0% 25 < YR ≤ 35% 3.0 < C/H ≤ 4.0% 3.0 < CO/CO2 ≤ 7.0% Existence of
heating
1.0 < GR ≤ 3.0% 35 < YR ≤ 45% – 7.0 < CO/CO2 ≤ 9.0% Heating about
to be active
fire
3.0 < GR ≤ 7.0% 45 < YR ≤ 55% C/H > 5.0% 10.0 < CO/CO2 ≤ 13.0% Active fire
GR > 7.0% YR > 55% C/H > 20.0% CO/CO2 > 13.0% Blazing fire
Table 2: Characteristics of gas sensors
Gas Sensor
Sensing
technique Range
Response
time Ref.
CO2 TDS0054 Infrared 0–10% < 30 s [8]
CO 3MEF Electro-chemical 0–20,000 PPM < 30 s [9]
H2 3MHYE Electro-chemical 0–20,000 PPM < 30 s [10]
H2S 3MH Electro-chemical 0–200 PPM < 30 s [11]
CH4 TDS0068 Infrared 0–100% LEL < 30 s [12]
O2 T7OXV Electro-chemical 1–25% < 15 s [13]
sensors have analog voltage output with respect to change
in the concentration of gases. In order to acquire point to
point information of the spontaneous heating, atmega-
based microcontroller board and a supported integrated
development environment (IDE) software application
[14] are needed which transfers the sensor data for dis-
play and further processing (Figure 1). The microcon-
troller platform which is used to access the sensor output
converts them to digital level through an analog to digital
converter. These digital values require to be changed in
standard format either in percentage or PPM. The math-
ematical derivation involved in the study is derived from
a number of laboratory and test environment analyses of
Figure 1: Sensor data reading flow diagram
sensors. During laboratory experiments, the sensor has
been put in a gas tube and the test has been performed by
supplying gaseswith standard gas canisters balancedwith
nitrogen as shown in Figure 2. The canister is 0.5-l water
Figure 2: Laboratory setup for sensor testing
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Figure 3: Digital value (DL) vs. output voltage vs. gas concentration curves for (a) CO2, (b) CO, (c) H2, (d) H2S, (e) CH4, and (f ) O2
size capacity having 10 l of standard gas stored at 20 bar
pressure. There is a regulator valve which is used for the
controlled supply of gas from the canister to tube via
nylon gas channel. The purpose of this setup is to provide
isolation to the sensor from the external environment
such as the dissolution of gas to air, minimization of the
effect of humidity and other environmental interference.
The derivation of the mathematical formula for gas sen-
sors for measurement of the concentration level of gases
in the atmosphere in terms of standard units requires
accuracy, numerical stability and reliability [15,16]. For
this purpose, a number of gas canisters for each gas have
been used with different concentration levels for identi-
fying the respective digital value (DL) of the output of
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the sensor. Those DLs were plotted with respect to the
respective concentration of gases during various labo-
ratory analyses as shown in Figure 3. With the help of
the laboratory analysis and the graph, the mathematical
functions have been deduced. Although a good approxi-
mation to the underlying situation was performed, one
cannot assume that it is exactly correct. Therefore, the
mathematical derivation should possess statistical pro-
cedure [17]. For this purpose, mean of the observations
have been taken to eliminate the measuring deviation.
In addition, the analog output of the sensors at respective
concentration levels of the gases has also been plotted in
the same graph. The trend for both the readings, i.e. for
DLs and analogue outputs is the same.
In general, the value of variableDL for the ith observation
is denoted by DLi. For a sample with n observations, the
formula for the mean value is as follows:
DL =
∑n
i=0 DLi
n
(1)
Five number of sample data has been collected for each
sensor at different gas concentration for each gas canisters
over a period of one month. So, (1) can be deduced as
DL =
∑5
i=1 DLi
5
Furthermore, as shown in Figure 3, the fitting curve and
standard deviation with mathematical expression have
been drawn. The standard deviation ‘s’ is the positive
square root of the variance and is based on the differ-
ence between the value of each observation (DLi) and the
mean. Mathematically,
s =
(∑5
i=1 (DL − DLi)2
4
)1/2
(2)
The aim of calculating the standard deviation is to check
whether the fitting curve falls within the standard devia-
tion range. The following subsection plot the experimen-
tal results conducted in the laboratory. Themathematical
equation, thus, obtained from the above analysis for con-
version from a digital value to standard reading has been
summarized in Table 3.
Similar to DL, the analog voltage output of sensors for
respective concentration levels have been analyzed using
Fluke make digital multimeter. The voltage characteris-
tics of sensors have also been plotted in Figure 3. The
derived equation formeasuring the concentration level of
gases for each sensor has been shown in Table 3. The DL
Table 3: Mathematical equation for diﬀerent gas sensors
Sensors
Mathematical
equation (in
terms of DL)
Mathematical
equation (in terms of
voltage) Unit
CO2 0.2021DL – 18.856 4.4456× 10−2V – 17.6291 %
CO 0.5486DL – 254.28 5× 104V – 2.3796× 105 PPM
H2 0.2845DL – 126.3 2.94117 V – 13.84588 %
H2S 1.2592DL – 563.63 1.1111× 103V – 5.2633× 103 PPM
CH4 0.1904DL – 17.721 5.5015× 10−2V – 20.70489 %
O2 0.7202DL – 4.4098 0.27855 V – 25.97242 %
Table 4: Cross-sensitivity chart
Sensors CO (%) H2 (%) H2S (%)
3MEF CO sensor 100 < 60 ∼ 7
3MHYE H2 sensor 40 100 65
3HYE H2S sensor < 2 < 0.15 100
vs. gas concentration and output voltage vs. gas concen-
tration curves show a similar trend which supports the
mathematical analysis performed using digital values for
measuring gas concentration.
Ideally, an electrochemical gas sensor should only
react with target gas to be monitored. However, cross-
sensitivity does occur even if most of the sensors are
somewhat specific. Cross-sensitivity is defined as sensor’s
reaction to an interfering gas available in the vicinity. This
condition causes an error in the measurement of the tar-
get gas [18]. For example, in the present study, 3MEF
carbon monoxide sensor has been used which is having
the cross sensitivity of ∼60% against hydrogen. It means
if the concentration of 20 PPM of hydrogen is present in
the target region and if the target gas (CO) is absent, in
spite of that the actual value of CO reading will be seen
20*(60/100), i.e. 12 PPM on the display of the analyzer
due to sensor’s reaction with hydrogen. A similar phe-
nomenon takes place in case of other electrochemical-
based gas sensors as mentioned in Table 4.
3. TRIAL ON TEST ENVIRONMENT
To study the dynamics of spontaneous heating of coal,
there is an experimental facility at the authors’ institute,
known as mine fire gallery. The present sensor modules
have been tested at the mine fire gallery and compared
with GasTech make handheld gas analyzer calibrated
with standard gas. Figures 4 show the comparative results
of the scaled output of sensor modules CO2, H2, CH4,
CO, and O2 to the actual values of sensor data installed
in mine fire gallery. It has been observed that CO2, H2,
CH4, CO, and O2 have 96.69%, 97.6%, 97.57%, 97.5%,
and 98.85% accuracy, respectively. The test results thus
obtained have a maximum±3.5% deviation from actual
values measured in the analyzer.
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Figure 4: Actual vs. scaled sensor module reading for (a) CO2, H2, and CH4, (b) CO and (c) O2
4. CONCLUSIONS
The spontaneous heating of coal is highly nonlinear. To
know its dynamics, fire indices based on the concen-
tration of gases can play a significant role. Taking into
account, gas sensors have been identified carrying out
a number of physicochemical studies of coal samples
collected from fiery seams of Indian underground coal
mines [4,19]. In general, gas sensors are analogous in
nature.However, for further processing of the analog out-
put, microcontroller platform is used which changes it to
the digital format. Therefore, in the present study, math-
ematical expressions have been deduced for each sensor
to produce the digital values in standard format i.e. in
ppmor% through numerous laboratory experiments and
statistical analysis under various test environmental con-
dition. Finally, the sensor modules have been tested in
mine fire gallery andwere compared simultaneously with
the handheld gas analyzer. The respective results were
found in agreement.
ACKNOWLEDGEMENT
The authors gratefully acknowledge theDirector, CSIR-Central
Institute of Mining and Fuel Research, Dhanbad, India for per-
mitting the authors to publish the paper. The research work
has been carried out for Network Project ESC0112. The views
expressed in this article are that of the authors and not neces-
sarily of the organization they belong to.
DISCLOSURE STATEMENT
No potential conflict of interest was reported by the authors.
FUNDING
Thisworkwas supported byCouncil of Scientific and Industrial
Research [grant number ESC0112].
ORCID
Subhash Kumar http://orcid.org/0000-0002-9719-1856
P. K. Mishra http://orcid.org/0000-0001-8714-7299
REFERENCES
1. T. H. Koenning, “An overview of spontaneous combustion
and recent heatings in the western U.S.,” in Proc. 9th Int.
Pittsburgh, Coal Conf, 1992, pp. 1081–7.
2. A.G.Kim, andR. F. Chaiken, “Relative self-heating tenden-
cies of coal, carbonaceous shales and coal refuse,” in Proc.
Mining and Reclamation Conference and Exhibition, 1990,
pp. 535–42.
3. J. T. Riley, J. W. Reasoner, S. M. Fatemi, and G. S. Yates,
“Self-heating of coal in barges,” in Proc. 9th Ann. Int.
Pittsburgh Coal Conf, 1992, pp. 1107–13.
4. S. Kumar, P. K. Mishra, M. Kumar, and J. Kumar, “Coac-
tive application of environmental sensors for detection and
assessment of spontaneous combustion in underground
coal mines,” in Proc. IEEE ICECDS, Chennai, India, 1-2
August 2017, Issue V, pp. 112–7.
5. N. K. Mohalik, R. Singh, V. Singh, and D. Tripathi, “Crit-
ical appraisal to assess the extent of fire in old aban-
doned coal mine areas – Indian context: In N. Aziz
(Ed.),” Coal 2009: Coal Operators’ Conference, 12–13
February 2009, University of Wollongong & Australasian
Institute of Mining and Metallurgy, Illawarra, Australia,
pp. 271–80.
6. T. Malik, and A. K. Ganju. “Capacitive moisture measure-
ment of grains,” IETE Tech Rev, Vol. 20, no. 3, pp. 211–4,
2003.
7. K. Whitehouse, and D. Culler, “Calibration as parame-
ter estimation in sensor networks,” in Proc. of the 1st
ACM int. workshop on WSNA ‘02, Atlanta, Georgia, USA,
28 September 2002, pp. 59–67, ISBN: 1-58113-589-0.
doi:10.1145/570738.570747.
S. KUMAR ET AL.: EVALUATION OF MEASURED DIGITAL OUTPUT OF GAS SENSORS 599
8. TDS0054, Infrared Carbon Dioxide Sensor, www.dyna
ment.com/_webedit/uploaded-files/All%20Files/Data/
tds0054.pdf
9. Carbon Monoxide Sensor with mV Output. Available:
https://www.citytech.com/PDF-Datasheets/3mef.pdf
10. Hydrogen Sensor with mV Output. Available: https://
www.citytech.com/PDF-Datasheets/3mhye.pdf
11. Hydrogen Sulfide Sensor with mV Output. Available:
https://www.citytech.com/PDF-Datasheets/3mh.pdf
12. TDS0068, Infrared Methane Sensor, www.dynament.
com/_webedit/uploaded-files/All%20Files/Data/
tds0068.pdf
13. T7OXV, Citicel, www.citytech.com.cn/PDF-Datasheets/
7oxv.pdf
14. Arduino IDE 1.8.4. Available: https://www.arduino.cc/en/
main/software
15. J. M. Betz, P. N. Brown, and M. C. Roman, “Accuracy, pre-
cision, and reliability of chemical measurements in natural
products research” Fitoterapia, Vol. 82, no. 1, pp. 44–52,
2011.
16. M. Yasser, B. Abdul, and M. El-Gindy, “A stochastic model
for environment sensing correction,” IETE J Res, Vol. 59,
no. 2, pp. 176–188, Mar–Apr 2013.
17. D. R. Anderson, D. J. Sweeney, and T. A. Williams, Statis-
tics for Business and Economics 10e, student edition.Mason,
OH: Thomson Corporation, 2008.
18. American Industrial Hygiene Association. Continuous
Monitoring for Hazardous Material Releases. Hoboken, NJ:
John Wiley & Sons, Inc., 2009.
19. P. K. Mishra, S. Kumar, N. Sahay, P. K. Mandal, and Pratik,
“Development of fire ladder for detection of underground
coal mine fire,” Journal South African Institute of Mining &
Metallurgy (SAIMM), Johannesburg (South Africa), to be
published.
Authors
SubhashKumar is a PhDScholar at Indian
Institute of Technology (ISM), Dhanbad,
India and was a Senior Research Fellow at
CSIR-Central Institute of Mining & Fuel
Research, Dhanbad, India.
E-mail: subhash199013@gmail.com
P K Mishra is Principal Scientist at
CSIR-Central Institute of Mining & Fuel
Research, Dhanbad, India.
Corresponding author. Email: mishrap-
kapp@yahoo.co.in
Jitendra Kumar is Associate Professor
at Indian Institute of Technology (ISM),
Dhanbad, India.
E-mail: jitenkg@rediffmail.com
